The frequency-response curve of isolated canine arterial segments at transmural pressures between 140 and 40 mm Hg showed an initial constant-amplitude portion over the lower frequency range followed by one or two major amplitude peaks (resonances) at higher frequencies. At lower transmural pressures, the response was more damped and resonances were infrequent. The amplitude of the flat portion of the curve increased as transmural pressure was decreased, and thus the dynamic modulus of elasticity calculated at 10 Hz decreased. The static modulus behaved in a similar fashion, but it was always lower than the dynamic modulus. The resonances shifted to lower frequencies as transmural pressure was decreased, and thus the dynamic modulus of elasticity calcuwall stiffness. Two series of five arteries each were examined; in one series the arteries were mounted with a fixed 50% longitudinal elongation and in the other series they were mounted with variable, mean 85%, longitudinal elongations. The difference between the two series suggests that increasing longitudinal elongation markedly increases the frequency shift induced by transmural pressure of one of the resonances and may result in coincidence of the two resonances at a given transmural pressure which varies from artery to artery.
• Bergel (1) and Gow and Taylor (2) have shown that the dynamic modulus of elasticity of various canine arteries at a transmural pressure of 100 mm Hg is relatively constant over a low frequency range. Bergel (1) used isolated arteries and examined a frequency range of 2 to 20 Hz. Gow and Taylor (2) worked in vivo and carried out Fourier analyses of simultaneously measured pressure and diameter wave forms at the first to tenth harmonics of the pulse-wave frequency. The frequency range of these studies is pertinent to phenomena related to the pulse wave. However, the desirability of extending this work to a higher frequency range is suggested by the occurrence of poststenotic dilatation (3) (4) (5) (6) , since vibration of the artery wall at frequencies of a higher order appears to be important in this phenomenon.
Foreman and I (7) conducted a qualitative examination of the behavior of isolated human and canine artery walls at frequencies up to 500 Hz. We could not determine whether the response over the lower frequency range was flat, but we found elongation was noted in three arteries of series B; it was 44% in all three. In these three arteries, the experimental longitudinal elongation was 50% greater than the elongation in vivo.
The organ bath was milled from a block of Perspex (14 x 7 cm). One end of the organ bath was inset in a brass plate (22.8 x 22.8 x 2.5 cm) and the other end was inset in an acrylic block (22.8 x 22.8 x 10 cm), out of which a conical pressure chamber had been machined ( Fig. 1) . A second brass plate (2.5 cm thick) was set into the periphery of the organ bath wall of the acrylic block. A third brass plate (2.5 cm thick) was fitted between the electromagnetic vibrator (Derritron VP4) and the opposite wall of the acrylic block. A circular opening in this plate allowed the vibration table of the vibrator to project into the wide end of the pressure chamber. This end of the pressune chamber was sealed using a sheet of rubber (1.5 mm thick) clamped between the brass plate and the acrylic block. The center portion of the rubber sheet was clamped between the vibrator table and a circular aluminum disk of equal diameter (8.5 mm thick). The vibrator, brass plates, pressure chamber, and organ bath were clamped together rigidly by four steel bars (1.13 cm in diameter) which ran through holes in the corners of the base of the vibrator, the brass plates, and the acrylic block of the pressure chamber.
The fixed stainless steel mounting tube ( Fig. 1, left ) was soldered through the center of a threaded stainless steel bolt (1.6 cm in diameter). This bolt passed through the wall of the organ bath and was threaded into the wall of the pressure chamber. The end of the bolt was machined so that it completed the apex of the cone of the pressure chamber. Connection between the lumen of the pressure chamber and the lumen of the artery was thus made via the mounting tube inside the bolt. The length of the bolt was such that it compressed an O-ring between the hexagonal flange of the bolt and the wall of the organ bath. In addition to providing a seal, this setup also increased the rigidity of attachment between the organ bath and the pressure chamber.
The adjustable mounting tube ( Fig. 1, right) was soldered through the center of another threaded stainless steel bolt (13 cm long, 1.6 cm in diameter). This bolt Circulation Research, Vol. 35, November 1974 passed freely through the organ bath wall and the end brass plate and was clamped rigidly to these by two stainless steel hexagonal nuts, one on either side of the two structures. The position of the stainless steel mounting tube and therefore the longitudinal elongation of the artery could be varied by moving the hexagonal nuts along the bolt. The mounting tube was plugged 1.5 cm from the open end over which the artery was fitted. A female Luer fitting was set into the wall of the tube for the attachment of the pressure transducer to ensure that the diaphragm of the pressure transducer was inside the lumen of the mounting tube.
The displacement transducer was rigidly mounted through a micromanipulator which was, in turn, rigidly mounted on a brass plate (1 cm thick) fixed between the brass plates at either end of the organ bath. The main aim in the construction of the experimental apparatus was to provide a heavy rigid unit with the minimum possibility of vibration between the constituents. The occurrence of apparatus vibration is dealt with in the Discussion.
A sinusoidal pressure fluctuation of 4 mm Hg peak-topeak was applied to the lumen of the artery through the saline-filled pressure chamber using an electromagnetic vibrator excited by a scanning oscillator (Bruel and Kjaer, model 1025) via a power amplifier (Derritron 100 WT) (Fig. 2 ). The amplitude of this pressure fluctuation was maintained at a constant level by a feedback circuit in the oscillator as the frequency varied at a rate of 2 octaves/min. The input to the feedback circuit was from a manometer system consisting of a 2.5-cm length of stainless steel, saline-filled, 15-gauge hypodermic tubing in front of a pressure transducer (Microdot MS5 or MS10; manufacturer's quoted natural frequency 50 kHz, diaphragm diameter 2.5 mm) as shown in Figure 1 . The response of the manometer system was shown to be fiat within 3 db to 1200 Hz with a resonance at 2500 Hz by comparing the fluid-filled manometer system with a "naked" transducer, using the present apparatus and methods previously described (10) . The pressure signal was monitored and calibrated using one beam of an oscilloscope.
The radial displacement of the artery wall was measured using a noncontacting fiber optic displacement transducer (Fotonic sensor, KD45A, MTI Instruments) positioned vertically over the axis of the artery at the tip of the manometer system. Therefore, the point of mea- Schematic diagram of the apparatus..
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surement was 2 cm from the end of the adjustable mounting tube, since 0.5 cm of the 2.5-cm length of the hypodermic tubing of the manometer was recessed inside this mounting tube (Fig. 1 ). The Fotonic sensor consisted of a fiber optic probe (KD-P-032, 0.8 mm in diameter); half of the fibers transmitted light from a light source and half picked up the reflected light and carried it to a photosensitive device. The diameter of the fiber optic bundle was 0.5 mm; therefore, the maximum area of reflected light from the artery wall that could be picked up by the probe was a circle 0.5 mm in diameter. The small size of this area minimized any error due to the curvature of the artery wall.
The static calibration curve for this instrument had two linear slopes. A more sensitive slope due to increasing voltage output as the probe was moved away from the reflecting surface was found when the probe was very close to the reflective surface. The second slope due to decreasing voltage output with increasing distance from the reflective surface was less sensitive than the initial slope. Between the two slopes a maximum voltage output was achieved; the value of this maximum was dependent on surface reflectivity. In the present experiments, the less sensitive, more distant slope was used since it had a linear range of about 500 jim, whereas the more sensitive slope had a linear range of only 60 nm and was difficult to use because of probe contact with the relatively uneven surface of the artery. The procedure for positioning the probe was to advance the probe toward the artery until the maximum voltage output was achieved. This value, which ranged between 10 and 60 mv because of the low reflectivity of the artery, was noted for use in calibration. Once the maximum voltage had been recorded, the probe was withdrawn from the artery to a position which gave 66% of the maximum voltage. This procedure put the probe at about the midpoint of the linear range. The resulting gap between the probe and the artery wall was on the order of 0.5 mm. Calibration curves against arteries at various transmural pressures, using a microscope and a micrometer eyepiece to measure the gap distance, showed that although the maximum voltage varied (depending on reflectivity) the slope of the calibration curve remained constant when the voltage was plotted as a percent of maximum. The value of this slope was determined on occasions during the course of the experiments. Calibration of each record was achieved using the maximum voltage noted during positioning of the probe before each frequency-response curve was obtained and the value of the slope of the calibration curve determined using the aforementioned calibration procedures.
The signal from the displacement transducer was amplified and monitored on the second channel of the oscilloscope, and the amplitude was recorded on the y-axis of an xy-recorder via an root-mean-square amplifier (Bruel and Kjaer, 2606). The output of this amplifier and thus the y-axis of the recorder were calibrated on a peak-to-peak basis, using a sinusoidal input to the oscilloscope. The x-axis of the recorder was driven by a voltage from the oscillator proportional to the frequency of stimulation, thus providing a plot of amplitude of displacement against frequency of stimulation.
Transmural pressure of the arterial segment was varied by adjusting the height of a saline reservoir connected to the pressure chamber above the fluid level in the organ bath. The saline used throughout the apparatus was freshly boiled and then cooled prior to setting up the experiment to eliminate air bubble formation. Frequency-response curves were obtained at transmural pressures of 120, 100, 80, 70, 60, 50, 40, 30, 20, 10, and 0 mm Hg in series A and at these pressures plus 140, 5, and 2.5 mm Hg in series B. The pressures were applied in descending order from 140 mm Hg or 120 mm Hg; at least 1 minute elapsed between application of a given pressure and commencement of measurements. Static diameter was measured before the frequency-response curve was obtained.
The static external diameter of the artery at each transmural pressure was measured using a dissecting microscope fitted with a screw micrometer eyepiece (Zeiss-Jena) at a magnification of 15x. The static diameter and the amplitude of arterial wall displacement at 10 Hz, taken from the frequency-response curves, were used to calculate a static and a dynamic elastic modulus for each artery at each transmural pressure. The modulus used was based on the elastance of Roach and Burton (11) but differed from it in that the diameter at the transmural pressure under examination was used as the reference for relative elongation rather than the "opening" diameter. This procedure is in line with the incremental approach of Bergel (8) . Thus,
where E = incremental elastance, AT -change in wall tension, AD = change in external diameter, and Dp = static external diameter at a given transmural pressure P. Wall tension (T) was approximated from the law of Laplace, T •= P x R P , where P = transmural pressure and R P -external radius of the vessel at that pressure as used by Roach and 'Burton (11), since wall thickness could not be calculated for the first series of experiments.
For the dynamic elastance (DE), the formula reduced to
For the static elastance (SE) an incremental approach similar to that of Bergel (8) was used; the formula was
The subscript (P + 10) refers to the value at a transmural pressure 10 mm Hg more than P and (P -10) to the value at a transmural pressure 10 mm Hg less than P. In series B, three thin wet sections of the arterial segment were cut after each experiment, and internal and external diameters were measured and used to calculate the volume of tissue in a 2-cm long segment. This procedure allowed an estimate of the internal diameter at 100 mg Hg to be made on the assumption that the volume of tissue was constant. Once internal diameter had been estimated, incremental moduli could be calculated according to the method of Bergel (1, 8) for comparison with his published values. Pressure-strain moduli (E P ) (2) were also calculated to allow further comparison with other published work. Figure 3 shows the frequency-response curves of two arteries at transmural pressures of 140, 80, and 40 mm Hg; one artery is from series A (Fig. 3A) and one is from series B (Fig. 3B ). Excitation was initiated at 5 Hz in series A and at 1 Hz m series B. The upper frequency limit was variable; cut-off frequency occurred when power requirements exceeded those available. All six curves had a similar shape, but they differed in detail. In all of the curves, the amplitude of radial displacement was constant over a lower frequency range with the exception that in series B there was an increased amplitude from 1 to 3 Hz, which could have resulted from instability in the feedback circuit at very low frequencies. However, the amplitude of the flat portion of the curve increased as transmural pressure was decreased. The estimated peak-topeak amplitudes of the flat portion of the curves from the artery in series A were 0. Hg, respectively. Two curves were recorded from the series B artery at a transmural pressure of 40 mm Hg using different amplification, because the initial record was made at a gain which was too great to accommodate the peak response. At frequencies in excess of the upper limit of the flat portion of the curve, one or two major amplitude peaks could be seen in each curve. Lowering transmural pressure shifted the amplitude peaks to lower frequencies. For example, at 140 mm Hg the artery in series A showed two peaks at frequencies of 170 and 78 Hz, but at a transmural pressure of 80 mm Hg these peaks were shifted to 72 and 34 Hz, respectively (Fig. 3A) . However, the situation was often more complex as can be seen in Figure 3B . In this series B artery, there were two peaks at 165 and 110 Hz with a transmural pressure of 140 mm Hg, but only one peak occurred at 95 Hz when transmural pressure was 80 mm Hg. The response curves at 120 and 100 mm Hg were intermediary, each having two peaks; the peaks were at 147 and 107 Hz for 120 mm Hg and 115 and 102 Hz for 100 mm Hg. Thus, although both peaks shifted down in frequency as transmural pressure decreased, the upper one shifted at a faster rate than did the lower one and appeared to fuse with the lower one at a transmural pressure of 80 mm Hg. For this same artery at a transmural pressure of 40 mm Hg, the single peak was broad with an inflection point on the upslope. This inflection point occurred often in series B at transmural pressures below the fusion point and has been interpreted as showing two peaks, in this case at 64 and 78 Hz, since true reseparation into peaks occurred at transmural pressures below this stage in this and other arteries. Fusion and reseparation of the two peaks occurred in three of the five arteries in series B. Fusion of the two peaks occurred in only one artery in series A (the artery considered in Fig. 3A) . It is noteworthy that the transmural pressure for fusion in the series A artery was low (40 mm Hg), whereas fusion occurred at much higher transmural pressures in the series B arteries (80, 100, and 140 mm Hg).
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Results
FREQUENCY-RESPONSE CURVES AT TRANSMURAL PRESSURES BETWEEN 140 AND 40 mm Hg
A more complete picture of the effect of transmural pressure on the frequency of the amplitude peaks is shown in Figure 4 . The frequencies of the first peak in each curve were averaged and plotted against transmural pressure for series A and series B separately, and the frequencies of the second peaks were treated similarly. When two peaks were considered to have fused, the same frequency was assigned to both the first and the second peak. At transmural pressures below 40 mm Hg, amplitude peaks were not a consistent finding, although a first Effect of transmwal pressure on the frequency of amplitude peaks (resonances) in the frequency-response curves of five arteries from series A (A) and five arteries from series B (B). Solid circles -first amplitude peak, open circles -second amplitude peak, and brackets =» SE. peak was plotted for series B arteries at 30 mm Hg since it occurred in all five arteries. Clearly, the greater the transmural pressure, the higher are the frequencies of the peaks. Thus, in series A the mean frequencies of the second peak were 95 and 162 Hz at 40 and 120 mm Hg, respectively, and of the first peak 47 and 75 Hz, respectively. Similarly, in series B the mean frequencies were 88 and 125 Hz for the second peak and 53 and 93 Hz for the first peak at transmural pressures of 40 and 120 mm Hg, respectively. In series A, a similar linear relation between frequency and transmural pressure appeared to exist for both peaks, since the slopes of the curves were fairly constant and of similar value, although that for the second peak might have been slightly greater. However, an inflection occurred in both curves in series B. The slopes at transmural pressures above the inflection point were similar to the slope of the other curve below the inflection point.
The amplitude and the relative gain (amplitude relative to the flat part of the curve) for these peaks are described in Figure 5 . The relative gain gives information on the damping of the system; the higher the relative gain, the less is the damping. In series A (Fig. 5A ) the absolute amplitude of the peaks tended to decrease with increased transmural pressure, but in series B (Fig. 5B ) the absolute amplitude varied very little over this pressure range. However, there is a suggestion that peak amplitude occurred in the region of 100 mm Hg for series B. Relative gain of the second peak in series A ( Fig. 5A ) and of both peaks in series B (Fig. 5B ) increased and thus damping decreased as the transmural pressure increased up to 100 mm Hg. Above 100 mm Hg damping remained the same or increased. The variation of relative gain of the first peak of series A was too great to allow a pattern to be established.
FREQUENCY-RESPONSE CURVES AT TRANSMURAL PRESSURES BELOW 40 mm Hg
At transmural pressures below 40 mm Hg the frequency-response curves were of a more damped type. The amplitude of the flat portion of the curve still increased with decreasing transmural pressure ( Fig. 6A ), although occasionally there was an exception at 0 mm Hg (Fig. 6B) . The most usual shape was that depicted in the bottom graph of Figure 6A , that is, a highly damped response with little evidence of amplitude peaks. However, as can be seen from the other curves in Figure 6 , amplitude peaks did occur, but they were of low relative amplitude and there was no pattern to their appearance.
VARIATION OF STATIC AND DYNAMIC MODULI OF ELASTICITY WITH TRANSMURAL PRESSURE
Static and dynamic incremental elastances were calculated as described in Methods, and the mean values from series A, series B, and series A and B combined ( Fig. 7A, B , and C, respectively) were plotted in a linear (left) and a semilogarithmic (right) form against transmural pressure. The variation in static diameter with pressure is shown in Table 1 . Both elastances increased as transmural pressure increased; that is, the artery wall became stiffer in the radial direction as pressure was increased. The curves in the semilogarithmic plot ( Fig. 7 , right) are linear and parallel, suggesting that the relation between stiffness of the artery wall and transmural pressure is exponential and that the ratio of dynamic elasticity to static elasticity is independent of mean pressure. The dynamic elastance was always greater than the static elastance; in series A the dynamic elastance was on the average 2.5 times greater than the static elastance, and in series B it was 2.3 times greater. This finding compares with the figure of 1.6 times at a pressure of 100 mm Hg found by Bergel (1). In the present experiments, no adjustment for phase lag was made; however, this phenomenon should have little effect since the phase angle at the frequency at which dynamic elastance was calculated (10 Hz) has been shown to be small (1, 2) . Furthermore, in a few experiments phase angle was measured from the Lissajous' figures formed when the oscilloscope Circulation Research, Vol. 35, November 1974 was used in the xy-mode. Although phase lag was 90° at the first amplitude peak and 360° at the second peak, it was not measurable by this method at 10 Hz.
To further compare the values found in the present experiments with those found in previous work, the incremental moduli of Bergel (1, 8) at 100 mm Hg were calculated for series B. The mean static incremental modulus was 8.9 x 10" ± 1.5 x 10" (SE) dynes/cm 1 and the mean dynamic modulus was 21.9 x 10 s ± 3.2 x 10 s dynes/cm 2 . The values for the static and dynamic moduli of dog carotid arteries found by Bergel (1, 8) Values are means ± SE for five arteries in series A and five arteries in series B.
x 10' and 11.3 x 10" ± 0.9 x 10" dynes/cm 2 , respectively. The mean wall thickness at 100 mm Hg was 0.024 ± 0.003 cm, and the ratio of mean wall thickness to external diameter was 0.1 ± 0.011 for the present series B arteries. The pressurestrain moduli (E P ) (2, 12) were also calculated at 100 mm Hg for both series A and B; the mean static moduli were 5.1 x 10' ± 1.6 x 10 6 and 1.2 x 10 s ± 0.2 x 10" dynes/cm 2 , respectively, and the mean dynamic moduli were 11.0 x 10° ± 2.7 x 10" and 3.3 x 10" ± 0.8 x 10' dynes/cm 2 , respectively. In vivo, under dynamic conditions, Gow and Taylor (2) found a value of 2.1 x 10 e dynes/cm 2 for one dog carotid artery and Peterson et al. (12) found a mean of 3.1 x 10" ± 0.3 x 10* dynes/cm 2 for five dog carotid arteries.
Discussion
Vibration in the apparatus of great enough amplitude might give rise to displacement of the artery wall. Such displacement might then be erroneously interpreted as a response to pressure fluctuation. The rigid, heavy construction of the apparatus as outlined in Methods was an attempt to minimize such interference. In addition, the vibration characteristics of the apparatus were examined by focusing the displacement transducer on the fixed mounting tube proximal to the artery. Frequency-response curves were carried out in the usual manner with the artery distended by a transmural pressure of 100 mm Hg. The response curve was flat at the noise level of the apparatus with the exception of a sharp peak at 560 Hz. A sharp peak at this frequency was occasionally found in the frequency-response curves of the arterial wall (Fig. 3B) . It was not present in all curves (Fig. 3A, top) , and it only occurred when a high power output was demanded at this frequency. Furthermore, it was outside the range of the amplitude peaks of interest and was therefore not considered a source of error or misinterpretation.
Following the completion of the experiments, further vibration testing of the apparatus was carried out using a more sensitive displacement transducer (Fotonic sensor KD-100) and a slave filter (Bruer and Kjaer 2021) which permitted filtering of the response signal to the frequency of stimulation. In these tests, the Fotonic sensor was focused on the rigidly mounted adjustable stainless steel mounting tube. Frequency-response curves were carried out at transmural pressures of 120, 80, and 40 mm Hg. This much more sensitive testing revealed the presence of further vibration peaks at all three pressures at frequencies of 62, 124, 190, 220, 245, 440, 500, and 560 Hz. The major peak was the 560-Hz one which had been revealed by the earlier testing. The amplitude of this peak was highest at 40 mm Hg; the power output was highest for this frequency at this transmural pressure. The amplitude of the peaks at 220, 245, and 500 Hz also varied with transmural pressure and related to power output, but the amplitude relative to the 560-Hz peak was small. The peaks of lowest amplitude were those at 62, 124, and 190 Hz, and the amplitude of these peaks was constant at all three transmural pressures. There was no evidence of shifting of the frequency of the peaks by transmural pressure. It is thus concluded that, although vibration of the apparatus at discrete frequencies could be demonstrated, this vibration was at an amplitude too low to affect the response curve of the artery at transmural pressures over 40 mm Hg with the exception of the peak at 560 Hz. Furthermore, as pointed out earlier, this peak was readily recognizable and outside the frequency range of interest. At lower pressures with higher power outputs, some of the recorded peaks could have been due to apparatus vibration. However, as pointed out in Results, these peaks were inconsistent and no attempt was made to attach significance to them.
Erroneous results could also occur because of distortion of pressure and displacement wave forms from the sinusoidal. Such distortion would result in higher apparent peak-to-peak amplitudes because of the assumption of a constant relation between peak-to-peak and root-mean-square amplitudes used in the calibration. Major distortion of the wave forms only occurred for the second amplitude peaks at lower pressures. Also, since the experiments were completed, tests have been made comparing the unfiltered frequency response with the frequency response filtered to the frequency of stimulation. The only error that this procedure has revealed is a slight underestimation of all amplitudes due to masking of the signal by the noise level.
Previous work on the dynamic elastic properties of the artery wall has shown that the amplitude response is relatively constant over a lower frequency range of up to 20 or 30 Hz. The present' experiments confirmed this finding and showed that, if the frequency of stimulation was extended substantially, then at least for isolated arterial segments the response was relatively underdamped, having one or two major amplitude peaks. This observation suggests the presence of resonating structures in the artery wall. The stiffness of these structures behaved in a manner similar to the artery wall as a whole in response to changes in transmural pressure, that is, the stiffness increased as transmural pressure was increased. In the case of the resonating structures, this relation was established by the increase in resonant frequency as the transmural pressure was increased (Fig. 4) . For the artery wall as a whole, this relation has been illustrated previously using static methods (8, 9, 11) and was manifest in the present experiments for both the static and the dynamic situ-Circulation Research, Vol. 35, November 1974 ation by the increase in elastances with increased transmural pressure (Fig. 7) .
These experiments also suggest that there are at least two resonating structures or alternatively two modes of vibration which are affected differently by variations in the longitudinal elongation of the artery wall. Thus, in series A the two resonant frequencies were affected in a like manner by transmural pressure-the slopes of the two curves in Figure 4A were similar. However, in series B the situation was different; two very different slopes were apparent (Fig. 4B) : the steep slope of the upper part of the second peak curve which was similar to that of the lower part of the first peak curve and the less steep slope of the upper part of the first peak curve which was similar to that of the lower part of the second peak curve. Taking into consideration the behavior of the two peaks in three of the arteries in series B in which the two peaks fused and reseparated as transmural pressure was decreased, it seems that the first peak at lower transmural pressures in these arteries should in fact be identified with the second peak at higher transmural pressures. This correlation would mean that the origin (resonant structure or mode of vibration) of one peak in these arteries is much more affected by changes in transmural pressure than the origin of the other peak. The most apparent difference between the two series of experiments is the difference in longitudinal elongation, fixed at 50% in series A and variable with a mean of 85% in series B. Thus, a possible interpretation of the experimental findings is that increasing the longitudinal elongation of the artery makes the stiffness of one structure in the artery wall more sensitive to changes in transmural pressure than that of a second structure.
An investigation of the mode of vibration has not been carried out as yet. At low frequencies, it is possible to observe the artery vibrating with the microscope. These observations suggest that the mode is dilatational; however, no information is available on the mode of vibration at resonance.
These experiments may also have significance in the situation of poststenotic dilatation in which wall vibration appears to affect one or more of the elastic structures of the artery wall (5) . The present concept about the etiology of this phenomenon suggests that wall vibration induced by turbulent blood flow downstream of an arterial stenosis produces a change in the elastic properties of the arterial wall (5, 6) . Such a process would appear to be akin to "structural fatigue" as it is known to engineers and would be induced by shear strains similar to those outlined by Fry (13) in regions of turbulent blood flow. He suggests that the uneven pressures due to turbulence result in uneven deformation of the arterial wall and produce shearing strains within the wall which in his experiments produced endothelial damage (13, 14) . Again drawing an analogy with structural fatigue, if the frequency spectrum of the turbulent pressures encompassed one or more resonances of the artery wall, then the whole process would be amplified with increased deformation, increased shear strain, and increased rate of structural change. Furthermore, if in vivo there are two resonances of the arterial wall as found in vitro in these experiments and a change in conditions can produce coincidence of the two resonances at one frequency, then such conditions would further increase the rate of structural fatigue, because in the present experiments coincidence of the two resonances was accompanied by maximum relative gain and usually by maximum absolute amplitude. Although in the response of the artery shown in Figure 3B the second peak further increased in absolute amplitude at transmural pressures below the coincidence pressure, relative gain was maximum at the coincidence pressure.
Boughner and Roach (6) did not find evidence of amplitude peaks in their investigation of the response of human arterial segments to vibration in vitro. However, their methods differed in two important respects from those used in the present experiments. The amplitude of their pressure stimulus was not maintained constant but decreased markedly as the frequency increased. Secondly, the response of the artery wall was assessed by coupling a pressure transducer to the artery wall with a drop of fluid. This system will record some derivative of wall displacement, but it is probably not as sensitive as the direct approach used in the present experiments. Another of their findings is of interest in the context of the present experiments. They found that the optimum frequency of vibration producing dilatation of arterial segments was related to the age of the patient from which the artery had been taken; the older the patient, the higher was the optimum frequency. Assuming that the older the patient, the stiffer was the artery (15), these findings are not divergent from a hypothesis that resonant vibration is an etiological factor in the dilatation, since the frequency of resonance would increase with increasing arterial wall stiffness.
It must not be forgotten that the present experiments were carried out on segments of isolated arteries and that conditions in vivo may change the situation markedly. Tethering of arteries (16) will affect the damping and loading of the arterial wall and thus the magnification and the frequency of resonance. Furthermore, in these experiments smooth muscle was inactive because of the experimental conditions. Speden (9) has described the effect of increased smooth muscle tone on the static elastic properties of small arteries; a similar effect has been shown on the dynamic elastic properties of larger arteries (12) . The situation in vivo cannot therefore be predicted from these experiments and must be examined directly.
The static elastance was less than the dynamic elastance at all transmural pressures examined; on the average the dynamic elastance was 2.4 times the static elastance. This value is slightly greater than the figure of 1.6 found by Bergel (1) at 100 mm Hg using the incremental moduli. The values for incremental moduli calculated for series B were also slightly greater than those of Bergel (1, 8) . Correction for phase lag would have decreased the dynamic elastance, but as pointed out previously phase lag at low frequencies is small and the correction factor would have been close to unity. The experiments mentioned at the beginning of this section using filtering of the response signal to the frequency of stimulation suggest that there may have been some underestimation of the amplitude of the dynamic response. This underestimation would at least partially explain the tendency to higher dynamic elastic moduli than those described by others. The values for pressure-strain moduli {E P ) also compared closely with the results from in vivo experiments (2, 12) , suggesting that the results obtained in the present experiments are compatible with previous work in this field.
